Abstract. Malathion-specific resistance in the red flour beetle, Tribolium castaneum, is widespread and stable in natural populations even in the absence of pesticide exposure. To understand this stability, both resistant and susceptible males were placed in competition for susceptible female fertilization. Females were then isolated and their progeny was tested for malathion susceptibility. Male reproductive success was estimated for populations originating from different geographic areas and for isogenic strains. In most cases, resistant males had a greater reproductive success rate than susceptibles. The results suggest that male reproductive success is not traded against the selection for malathion resistance, even resistant individuals are at an advantage for this fitness trait. This absence of fitness cost may be the result of postselection of (1) modifier gene which ameliorate the fitness of resistant individuals or (2) nondeleterious resistance gene. Resistant phenotype superiority could be due to increased male mating success, improved ability of resistant males in sperm competition, female mate choice, and/or cryptic female choice of resistance gene(s). The effect of male phenotypic frequency on male reproductive success was also examined. We observed that male fertilization success is frequency dependent and inversely related to their frequency. However, this ''rare male'' advantage did not counteract the superiority of the resistant males.
Over the past two decades, there has been the realization that studies of insecticide resistance is not only helpful in improving pest management programs but also allow examination of an evolutionary process (Roush and McKenzie 1987; McKenzie 1996; Raymond et al. 2001) . Selection for insecticide resistance is generally accompanied by pleiotropic effects that may place the resistant insects at a competitive disadvantage with the susceptible individuals upon removal of insecticide (Ferrari and Georghiou 1981; Bauerfiend and Chapman 1985; Parello and Trumble 1989; Cochran 1993; McKenzie 1994) . Therefore, frequencies of resistant individuals usually decline over time in the absence of pesticide use. However, in some cases, no differences in fitness are observed between resistant and susceptible individuals in the absence of selective pressure or the fitness of resistant individuals is even greater than that of susceptible insects (Varzandeh et al. 1954; Roush and Hoy 1981; Beeman and Nanis 1986; Haubruge and Arnaud 2001; Raymond et al. 2001) .
In the red flour beetle, Tribolium castaneum (Herbst) (Coleoptera, Tenebrionidae), malathion-specific resistance is widespread and the resistant phenotype has largely or completely replaced the susceptible (for a review, see Subramanyam and Hagstrum 1996) . In addition, it was observed that the frequency of resistance genes was stable in laboratory populations when competing with the susceptible individuals (Beeman and Nanis 1986; Haubruge and Arnaud 2001) . To explain this persistence, it was presumed that there is little or no reproductive disadvantage between malathion-specific resistant and malathion susceptible strains.
Although fertilization success can influence inheritance of gene frequencies (Ehrman et al. 1965; Sinnock 1970) , it has attracted very little attention in the literature related to insecticide resistance. Understanding the relative reproductive success of susceptible and resistant males is important for the evolution of insecticide resistance and also for the fine tuning of insecticide resistance management programs. The goal of this study was to properly determine the relative fertilization success of susceptible and malathion-specific resistant males of T. castaneum when competing for female fertilization.
In the present study, the effect of insecticide resistance on male reproductive success was first examined in eight resistant and four susceptible field strains. In most cases, resistant males had a greater reproductive success than the susceptible. As these populations originated from different geographic areas, they may differ in their genetic backgrounds and selective histories (McKenzie 1996) . Thus, the differences of reproductive success between resistant and susceptible individuals may have resulted from other factors than the pleiotropic effects of malathion-specific resistance on male reproductive success. To differentiate between these possibilities, isogenic strains were selected by repeated backcrossing of a resistant strain to a susceptible, resulting in a pair of strains that are genetically identical except for a small region of the chromosome that includes the resistant locus of interest.
Isogenic strains were used to examine the relative reproductive success of malathion resistant T. castaneum males when competing with malathion susceptible males for female fertilization. When a single gene is involved in insecticide resistance, the relative fitness estimates of the heterozygote compared to the homozygous susceptible is especially critical because, assuming Hardy-Weinberg equilibrium (p 2 :2pq:q 2 ), the resistance gene is carried primarily in heterozygous genotypes when the gene is at low frequency (Ͻ 0.5), during the early stages of a resistance episode (Comins 1977; Roush and Plapp 1982) . Therefore, the relative reproductive success of homozygous and heterozygous individuals was examined. As with field populations, we observed that malathion resistance was transmitted more successfully than susceptibility. 1992 1989 1991 1980 1961 1960 1991 1976 1976 1976 1976 1982 
MATERIALS AND METHODS

Tribolium Strains
Twelve red flour beetle strains were used in this study (see Table 1 ). The insects were reared with a mixture of whole wheat flour enriched with brewer's yeast (10/1-w/w) as rearing medium and kept in the dark at 30 Ϯ 3ЊC and 60 Ϯ 5% relative humidity (rh). These strains were cultured without pesticide exposure for several years. The Asm and PRm strains were used as our references for malathion susceptibility and malathion resistance, respectively.
Malathion Susceptibility and Characterization of the Insecticide Resistance
The following test was conducted to discriminate between malathion-specific resistance and malathion nonspecific resistance (Dyte and Rowlands 1968) . A dose of insecticide that would kill all individuals of a susceptible population was used as the discriminating dose, that is, a 1% (w/v) malathion solution as the discriminating dose. Following a 24 h starvation period, fifty adult beetles were placed in contact with treated papers (350 l per filter paper, Ø 55 mm) in a petri dish. After five hours, adult mortality of every strain was observed and compared to the mortality of the control strain (Asm, 100% mortality; Haubruge et al. 1997) . A synergist was used with the strain in which resistant individuals were detected. Papers treated with the synergist solution in acetone (10%, w/v) were placed in a 55 mm petri dish with 50 adult beetles for 24 h. The synergist was triphenyl phosphate (TPP, Ͼ 99% purity, Merck-Schuchardt, Mü nchen, Germany), a carboxylesterase inhibitor (Dyte and Rowlands 1968) . Papers treated with TPP were then replaced by filter papers treated with malathion at the discriminating dose. After five hours, adult mortality was controlled. Two replications were performed for every bioassay.
Selection of Isogenic Strains
To eliminate genetic background as a variable in comparing male phenotype reproductive success, we introduced the malathion resistance alleles into a uniform, susceptible genetic background. The Asm and PRm strains were used to make the isogenic strain. PRm beetles were crossed and backcrossed to the Asm susceptible strain for eight consecutive generations. For the first cross and the four consecutive backcrosses, we used resistant males and susceptible females to replace all field-derived X chromosomes with those of the Asm strain. Resistant females were crossed to susceptible males during the four last backcrosses to replace all field derived Y chromosomes with those of the susceptible strain. Before each backcross, resistant progeny from the previous backcross was selected using a discriminating dose bioassay (Haubruge et al. 1997) . Following the last backcross, homozygous resistant beetles were selected using a dose that killed 80% of the adults to eliminate the heterozygous adults. At each new generation, the presence of homozygous susceptible adults was detected with the discriminating-dose bioassay. This procedure was applied until no susceptible adults were detected during four consecutive generations.
Mating Competition and Fertilization Success
Unbiased sex ratio. The method described by was followed to examine the relative reproductive success of susceptible and malathion-resistant males. Beetles were sexed as pupae and kept individually in rearing medium at 30 Ϯ 3ЊC and 60 Ϯ 5% rh in a dark incubator. Adults used in the experiment were 15 days old. Ten susceptible females (Asm) were placed in a 90 mm petri dish with 20 g of rearing medium. Ten males of the two different competing phenotypes were added for 48 h, after which males were removed. Three replications were performed for every resistant and susceptible strain.
One proportion of males (five susceptible and five resistant) was tested with the field populations. Asm males were placed in competition with males from the resistant populations and PRm males were used with males from the susceptible populations.
Three proportions of males were tested with the isogenic strains (nine susceptible and one resistant, five susceptible and five resistant, one susceptible and nine resistant), allowing us to examine the effect of phenotype frequency on reproductive success. The relative reproductive success of homozygous resistant and heterozygous resistant males was also studied. To make heterozygous strains, pupae of each strain were sexed and maintained individually with rearing medium. Adults were crossed as follows: ( ss ϫ & RR (H1) and ( RR ϫ & ss (H2). (SS: homozygous susceptible, Asm; RR: homozygous resistant, ISO.)
Males were marked black with pencil to facilitate their identification. After 48 h of contact with males, females were isolated individually in a 90 mm petri dish with 20 g of rearing medium at 30 Ϯ 3ЊC and 60 Ϯ 5% rh and allowed to oviposit. Females were not removed until the dish was scored for offspring.
Biased sex ratio. In this experiment, two males (one susceptible and one resistant, homozygote or heterozygote) were placed in competition for the fertilization of a susceptible female (Asm). Beetles were sexed as pupae and kept individually in rearing medium at 30 Ϯ 3ЊC and 60 Ϯ 5% rh in a dark incubator. Adults used in the experiment were 15 days old. The males (marked as above) and the female were placed for two days in a glass vial (Ø 30 mm) with 0.5 g of rearing In experiments with the field populations, Asm males were placed in competition with males from the resistant populations and PRm males were placed with males from the susceptible populations. With the isogenic strains, the relative reproductive success of homozygous resistant and heterozygous resistant males was examined.
Male reproductive success. For both experiments (biased and unbiased sex ratio), after 45 days, adult progeny of every single female was treated with malathion using a discriminating dose bioassay (Haubruge et al. 1997) . As the malathion-specific resistance is autosomal, dominant, and monofactorial (Haubruge and Arnaud 2001) , this test enables us to unambiguously determine the male parent phenotype. The number of adults of each phenotype was observed for every single female. Results were pooled across all female progenies and all replications and the proportion of resistant individuals in female progenies was calculated (Dagnelie 1975) . Data were analyzed and compared to the expected percentage using the u-test.
The overall relative male reproductive success was first compared between resistant and susceptible male, that is, resistant male and susceptible male relative reproductive success were estimated considering the total number of progeny of every female examined in the experiment. In ''unbiased sex ratio'' experiments, the reproductive success of a male phenotype with respect to another was estimated by comparing the proportion of the female progeny fathered by that male phenotype to a theoretical percentage (see Table 2 ). In ''biased sex ratio'' experiments, resistant and susceptible male reproductive successes were considered as being equal if they were not different from the theoretical percentage of 50. As malathion-specific resistance is inherited as a Mendelian character, in both experiments, the relative success of heterozygous males (strains H1 and H2) was estimated considering that the progeny of a susceptible female mated to an heterozygous male (strains H1 and H2) is composed of susceptible and resistant individuals in equal proportions.
Last-male precedence is observed in T. castaneum (Arnaud et al. 2001a) , it is therefore possible to determine the phenotype of the last male mated to a female. In a second step of the analysis, male reproductive success was therefore examined upon the phenotype of the last male to inseminate the female. We considered that a female had been last-mated by a resistant male when more than 50% of her progeny was composed of resistant individuals. The number of females last inseminated by a resistant or a susceptible male and the reproductive success of resistant and susceptible males were compared upon this characteristic, that is, resistant male reproductive success when they are last to mate versus susceptible male reproductive success when they are last to mate. Results were analysed with u-test and chi square analysis.
When 10 males were placed in competition for the fertilization of 10 females, it is likely that males of the same phenotype had the opportunity to inseminate successively the same female, with a male of that phenotype being the last to copulate with the considered female. ''Last-male reproductive success'' sensu stricto was thus not determinable unequivocally. The male fitness trait estimated here was thus the ''last-phenotype reproductive success.'' Nevertheless, the term ''last-male reproductive success'' was adopted throughout the text.
RESULTS
Malathion Susceptibility and Characterization of the Insecticide Resistance
The malathion susceptibility of the different flour beetle populations, and the characterization of the insecticide resistance mechanism involved in the resistant populations are presented in Table 3 . We observed that the mechanism of resistance was malathion specific in every resistant strain. All the malathion-resistant beetles tested died when they had previously been in contact with TPP. These populations were thus retained for the experiments of mating competition and fertilization success.
Mating Competition and Fertilization Success
Unbiased sex-ratio. When 10 males competed for the fertilization of 10 females, the relative reproductive success of the resistant males from the field populations was greater than that of susceptible ones. The F 1 progenies are constituted with more resistant phenotypes than expected (see Table 4 ). In one case, Rio Desago against Asm, male reproductive success was equal between the resistant and the susceptible insects.
The number of females last inseminated by a resistant male and the reproductive success of susceptible and resistant males when they are the last to inseminate the female are presented in Table 5 . In most cases, excepted when Rio Desago males competed with Asm males, we observed that females were mostly last inseminated by a resistant male, but the differences were generally not significant. The last-male reproductive success of resistant males was not different or was significantly higher then that of susceptible males. In only one experiment (Asm against Paulo d'Amico), susceptible males were found to be significantly fitter than resistant individuals at this fitness component (Table 5) .
In experiments with the isogenic strains, homozygous and heterozygous resistant males had also a relative reproductive success equal or even higher than that of susceptible ones (see Table 6 ). The fertilization success of a male phenotype relative to its frequency is presented in Table 6 . Males are more successful when they are relatively rare, however, the rare male advantage of susceptible males is not sufficient to counteract the resistant male fitness advantage at fertilization. The number of females last inseminated by a resistant male was not different than expected (Table 7) . When resistant and susceptible males were placed in the same proportion (5:5), the reproductive success of resistant males was the highest. As expected, when nine resistant males competed with one susceptible, the reproductive success of resistant males was higher than that of the susceptible. The reverse was observed when resistant males were in minority. The highest reproductive success of the phenotype in majority may be ex- TABLE 7. Number of females (in % Ϯ SE) last inseminated by a resident male and last-male reproductive success (in % Ϯ SE) of malathionspecific resistant and malathion-susceptible Tribolium castaneum males when resistant and susceptible males compete for female fertilization (ten males are placed with ten females, three proportions of resistant males are tested). plained by the opportunity of this phenotype to be transmitted to more than one female at a time. Even if last-male sperm precedence occurs in T. castaneum, males in majority achieved a better reproductive success because the spermatheca of most females may contain much more of their sperm than that of the male in minority. In addition, when a female is successively inseminated by different males of the same phenotype, which is more likely to occur when one phenotype is in majority, sperm of every male participates to egg fertilization. The reproductive success of the phenotype examined is therefore increased compared to that of the lonely male inseminating a female after several rivals of the opposite phenotype. This phenomenon could also occur when five resistant and five susceptible males competed for female fertilization, but in a less extended manner. Biased sex ratio. When two males were competing for fertilization of the same female, we also found that malathion resistance is not a trade against male reproductive success (see Table 8 ). In most experiments, resistant males had better reproductive success than susceptible males. In contrast with the ''unbiased sex ratio'' experiments, males from the Rio Desago populations had better reproductive success than the susceptible males (Asm). In only one case (PRm against ExMaff), the resistant males were less fit than the susceptible males, with female progenies being mostly composed of susceptible individuals. As expected from the previous observations, the reproductive success of the homozygous and the heterozygous resistant males of the isogenic strains was better than that of the susceptible strain Asm (see Table 8 ).
When results are considered upon the phenotype of the last male to inseminate the females, we observed that females were significantly more last inseminated by resistant males than by susceptible (see Table 9 ). In two experiments (PRm against Mozambique and H1 against Asm), susceptible males achieved a better last-male reproductive success than the resistant. However, in both cases, females were more frequently last inseminated by resistant males than by susceptible ones, and the overall reproductive success of resistant males was significantly higher than that of susceptibles (see Table 8 ).
In the other experiments, we found that resistant male reproductive success was not different or was significantly higher than that of susceptible males (see Table 9 ).
DISCUSSION
Relative fitness comparisons between resistant and susceptible individuals are often studied in terms of development time, fecundity, and egg fertility (Georghiou and Taylor 1986) . Although mating competition, sperm competition, preand post-copulatory female choice, and fertilization success differences may be critical for insecticide resistance gene(s) transmission, these parameters are rarely considered in studies of insecticide resistance fitness. In the present paper, we proposed to examine the pleiotropic effects of malathionspecific resistance gene(s) on the reproductive success of T. castaneum.
First, we observed that malathion-specific resistant males of field populations had a greater reproductive success than susceptible ones. This phenomenon was widespread across eight resistant and four susceptible field strains. Therefore, it seems likely that malathion resistance is not traded against male reproductive success in T. castaneum. However, because these populations originated from different geographic areas, they must have different genetic backgrounds which may explain the advantage of the resistant individuals. To differentiate between these possibilities, isogenic strains for malathion resistance were selected and the reproductive success of homozygous and heterozygous resistant males was observed to complement the observations made with the field derived populations. Similar results were obtained.
Experiments on the effects of resistance to dieldrin showed that in Anopheles albimanus mosquitoes, resistant males are more competitive at mating than the susceptible ones. The insemination rate of the resistant males was 17% higher than that of susceptibles. This difference was explained by a greater aggressiveness of the dieldrin-resistant males (Gilotra 1965) . However, Gilotra's strains had different geographic origin and were not isogenic. Thus, it is likely that the better reproductive success of the resistant males has resulted from a difference of genetic background between the resistant and the susceptible populations and not because of pleiotropic effects of the resistance genes. In other respects, homozygous and heterozygous dieldrin resistant males of Anopheles spp. mosquitoes were found to be less successful at mating competition than susceptible ones (Rowland 1991) . In addition, it was found recently that susceptible Culex pipiens mosquitoes had a mating advantage when competing with males resistant to organophosphorus insecticides, suggesting a substantial cost of resistance genes to this fitness trait (Berticat et al. 2002) . However, in the mite Metaseiulus occidentalis, no differences in mating ability or fertilization success has been observed between susceptible and artificially selected carbaryl resistant mites (Roush and Hoy 1981; Roush and Plapp 1982) .
Contrary to these previous findings, we observed that, in most competition experiments, malathion-specific resistant males of T. castaneum had a higher relative fertilization success than susceptible males. Resistant phenotypes were observed at higher percentages than expected in the female progenies. In addition, females were observed to be more often last inseminated by resistant males than by susceptible ones. And last-male reproductive success of resistant males was mostly equal or even greater than that of susceptible. It is therefore clear that, in T. castaneum, malathion resistance is not traded against male reproductive success. These observations are observed with 12 field populations and isogenic strains. This phenomenon may have contributed to the spread of malathion-specific resistance in flour beetle populations.
The reproductive advantage of resistant males observed here is unexpected. If a gene associated with resistance to insecticide was also advantageous for the fitness of the individuals in absence of selective pressure, we can addressed the following question: Why has not this advantageous gene occurred in the first place? The most likely answer is because it is costly to fitness. Studies of the impact of insecticide resistance genes on the fitness generally showed that, at least, a substantial fitness cost is associated with resistance, in absence of insecticide. Thus, the stability of the resistance gene observed in some insect species may be the result of posterior modification of the insect genome (Roush and McKenzie 1987; McKenzie 1996; Raymond et al. 2001) .
In the sheep blow-fly, Lucilia cuprina, there is a fitness cost associated with gene coding for resistance to diazinon. However, following the intensive use of diazinon insecticide, a modifier gene has been selected in the field to completely suppress this cost. As a result, resistant insects carrying the modifier are equally as fit as the susceptible insects (for a review of the phenomenon, see McKenzie 1996) . Organophosphorus insecticides are widely used to control mosquito populations. Within a few years, populations of the mosquito Culex pipiens have developed resistance against these insecticides. The genes involved in the resistance are costly to fitness, however, at one resistant locus, a reduction of cost driven by allele replacement and not by selection of modifiers has been observed (Raymond et al. 2001) . Malathion has been intensively used in grain storage since the late fifties and the first case of malathion resistance in the red flour beetle, Tribolium castaneum, was reported in Kenya in 1961 (Parkin et al. 1962) . By 1974, this phenomenon was regarded as a common attribute of the species (Champ and Dyte 1976) and malathion usage has declined or even been abandoned in some countries in the early seventies (Champ 1984) . In addition, during the field surveys achieved between the 1960s and the 1990s about 90% of the T. castaneum populations tested were found to be resistant to malathion (for a review, see Subramanyam and Hagstrum, 1996) . However, malathion has been continuously used and is still in usage in many countries to control insects in stored products (White and Leesch, 1996) , leading to continuous selective pressure against the susceptible insects. As a result of intensive selective pressure lasting for many years after the selection of the first resistant individuals, the deleterious effect of the resistance allele selected at first may have been suppressed. This could have been achieved by the selection of a modifier that ameliorates the fitness of resistant individuals as observed in L. cuprina, or of a new resistance allele without deleterious effect as in C. pipiens. It is therefore likely that, at first, the individuals selected for malathionspecific resistance were at a fitness disadvantage in absence of insecticide. Because of the continuous use of malathion to protect stored food, is it probable that a modifier gene or a not costly resistance allele has been selected reducing the fitness cost of malathion-specific resistance gene in this species. In both hypotheses, the modifier or the allele of substitution not only suppress the cost of the resistance allele, but also increases the reproductive success of resistant individuals given them a reproductive advantage compared to the susceptible. A more speculative hypothesis could be that both the modifier and the nondeleterious allele were selected in the resistant populations. The highest reproductive success of resistant males would result in a synergetic effect of both gene modifications.
In most experiments, the same susceptible genetic background was used (strain Asm). A third hypothesis explaining the highest reproductive success of resistant insects could be that this susceptible population possess a deleterious gene near the resistant locus. Because only eight backcrosses were performed to select isogenic strains, it is unlikely that such a deleterious gene is shared by both the susceptible and the isogenic resistant strains. The comparison of the reproductive success of these two strains therefore indicates that resistant insects have a higher reproductive success than susceptibles, even if the resistance gene is costly, if the cost of resistance for the traits examined is lower than the one given by the deleterious gene in question.
In the absence of selection, average fitness of individuals has been observed to decline due to the accumulation of deleterious mutations Schultz et al. 1999; Vassielieva et al. 2000) . In the confused flour beetle, Tribolium confusum, Lomnicki and Jasienski (2000) found that the fitness of beetles from a selection-free population was reduced compared to beetles from stock population where selection is more intense (nevertheless, this phenomenon was observed in only one of the two selection-free populations tested). The fitness erosion observed in T. confusum could be attributed to the selection of the deleterious gene during the 22 generations of relaxation of selective pressure.
Despite the use of the susceptible strain Asm as the ''susceptible control'' in most experiments, other field-derived susceptible populations were used for fertilization competition experiments, with resistant insects being usually more successful than the susceptible insects. If deleterious genes occur in T. castaneum, it seems unlikely that these mutations were selected only in susceptible populations. It is therefore more probable that the reproductive advantage of resistant males observed here is due to the positive effect of a modifier gene associated with the resistance gene or simply to the resistance gene itself, via the postselection of a nondeleterious resistance gene, than on deleterious genes present mainly in susceptible populations. Moreover, the T. castaneum populations used in our study have been in isolation for between eight and 39 years at the beginning of the experiments. They have been maintained in the same rearing conditions for about 5 years (i.e. at least 30 generations), in high density conditions (i.e. about 500 to 1000 individuals per 80 g of medium, ഠ150 ml) where natural selection is likely to occur. Deleterious mutations may therefore not have the opportunity to be selected. Nevertheless, if our rearing conditions are not selective enough to prevent fitness erosion, deleterious mutations had the opportunity to be selected in susceptible as well as in resistant populations.
The second question that may be addressed here is about the biological changes given a reproductive advantage to the resistant males. Several hypothesis could be advanced to explain our observations. There is now widespread evidence that spermatozoa from several males could compete with each other in the female sperm storage organ (Parker 1970; Smith 1984; Birkhead and Mö ller 1998) . However, females are not only a receptacle in which sperm competition is played out. In the past few years, increasing attention has been paid to the possibility that females of many species are active not only in (pre-)copulatory choice but also in controlling the process of sperm storage and use, and in the possibility of postcopulatory cryptic choice. By the existence of the sperm storage organ, females may thus control more subtle events both during copula and thereafter (Eberhard 1996; Pizzari and Birkhead 2000) .
In most insect species, the last male to mate achieves fertilization precedence (Simmons and Siva-Jothy 1998; Simmons 2001) . In T. castaneum, the high degree of last-male sperm precedence confers a fertilization advantage to the last male to copulate (Arnaud et al. 2001a ). Males doing better at mating competition will be more often the last to mate with a female. Thus, their fertilization success will be favored. Lewis and Austad (1994) observed that, in T. castaneum, more attractive males achieve higher last-male reproductive success. Resistant males may be more attractive to females than susceptible.
Tribolium castaneum females have a single spermatheca but this consists of multiple tubules (Sinha 1953 ) which could provide a mechanistic opportunity for preferential sperm storage and usage, as is claimed for other insects (Ward 1993; Yuval et al. 1996 , Otronen 1997 Otronen et al. 1997) . Females of the yellow dung fly, Scatophaga stercoraria, differentially sort the ejaculates from different males across their three spermatheca allowing them to use sperm differentially over time (Ward 1993) . Moreover, female dung flies adapt their storage decisions upon male characteristics accepting more sperm when her last mate is superior to the previous ones. Also, they may exercise a control by selectively opening or closing their spermathecal ducts ). Similar behavior is observed in the fly Dryomyza anilis (Otronen 1997). In T. castaneum male fertilization success in sperm competition is influenced by the rate that males rub the female elytra with their tarsi during copula (Edvardsson and Arnqvist 2000) . Leg rubbing may therefore provide honest signals of some components of male fitness that females subsequently base their sperm selection decisions upon. Genital stimulation during mating may also provide such signals to the female (Arnaud et al. 2001b ). Malathion-specific resistant males may be more fit at leg rubbing or genital stimulation than susceptible males, resulting in the selection of their sperm for egg fertilization.
Evidence of mate choice mediated by cuticular pheromones has been widely demonstrated in insects (e.g., Tompkins et al. 1993; Tregenza and Wedell 1997) . In Anopheles spp. mosquitoes, there are significant differences in the cuticular hydrocarbons of susceptible and insecticide resistant insects. This hydrocarbon segregation might be associated with geographical variation, but also with genetic alterations resulting from prior insecticide exposure (Anyanwu et al. 1997a, b) . As in Anopheles, the composition of the cuticular hydrocarbons of malathion resistant T. castaneum males may differ from susceptible ones. Females may therefore assess male quality through cuticular hydrocarbon composition. Despite T. castaneum males initiating most of the copulations , females may exert copulatory choice while males enter into contact with them and try to copulate. This choice could be based on the qualitative and/or quantitative composition of the male cuticular hydrocarbons.
Our results show that the male fertilization success is higher when they are rare. Rare-male advantage could bring about the maintenance of a polymorphism in a population (Sinnock 1970) . However, models suggest that any net selective advantage of one phenotype will eventually result in extinction of alleles coding for alternative phenotype(s), and that polymorphisms are likely to be maintained only under specific conditions (Forsman and Shine 1995) . Sinnock (1970) and Ehrman et al. (1965) observed that in T. castaneum and Drosophila pseudoobscura, respectively, the fertilization success of the genotype in the minority is higher than expected, independently of the male genotype. Moreover, populations of Drosophila melanogaster perturbed for alcohol dehydrogenase gene frequencies returned to preperturbation levels in a predictable manner . We observed that when susceptible males are rare, their fertilization success is not higher than that of malathion-resistant males. Resistant males seem to have a better mating competitiveness or they do better at sperm competition than susceptible ones independently of their frequency. The fact that resistant males have, in most cases, a greater fertilization success suggests that if cryptic female choice for genes in the minority occurs, it could not counteract the resistant males superiority at sperm competition. This phenomenon may have played in favor of the development of malathion-specific resistance in flour beetle populations when the resistance genes were at low frequency in the early stages of resistance selection or further in the selection of the hypothetical modifier gene or the nondeleterious resistance allele.
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